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Luminescent materials containing europium ions are investigated for different optical applications.
They can be obtained using bio-macromolecules, which are promising alternatives to synthetic poly-
mers based on the decreasing oil resources. This paper describes studies of the DNA- and Agar-
europium triﬂate luminescent membranes and its potential technological applications are expanded
to electroluminescent devices. Polarized optical microscopy demonstrated that the samples are
birefringent with submicrometer anisotropy. The X-ray diffraction analysis revealed predominantly
amorphous nature of the samples and the atomic force microscopy images showed a roughness of
the membranes of 409.0 and 136.1 nm for the samples of DNA10Eu and Agar111Eu, respectively.
The electron paramagnetic resonance spectra of the DNAnEu membranes with the principal lines
at g ≈ 20 and g ≈ 48 conﬁrmed uniform distribution of rare earth ions in a disordered matrix.
Moreover, these strong and nar ow resonance lines for the samples of DNAnEu when compared
to the AgarnEu suggested a presence of paramagnetic radicals arising from the DNA matrix. The
emission spectra suggested that the Eu3+ ions occupy a single local environment in both matrices
and the excitation spectra monitored around the Eu emission lines pointed out that the Eu3+ ions
in the Agar host were mainly excited via the broad band component rather than by direct intra-4f6
excitation, whereas the opposite case occurred for the DNA-based sample.
Keywords: Natural Macromolecules, DNA, Agar, Rare Earth.
1. INTRODUCTION
New multifunctional materials doped with rare earths are
being intensively investigated in the last years.1–4 Among
different applications Ln3+-doped organic, inorganic and
hybrid materials have been studied for optical biosensors
in medicine56 and biotechnology.3 Some of these com-
plexes also possess paramagnetic properties and the abil-
ity to accumulate in cancer cells making them useful as
a paramagnetic contrast in Magnetic Resonance Imag-
ing (MRI) spectroscopy, photodynamic therapy and pho-
todynamic cancer diagnosis.3 Moreover, the temperature
dependence of the Ln3+ luminescence properties can also
be used in optical sensors for temperature measurements.3
Solid polymer electrolytes (SPEs) are deﬁned as solid
solutions of inorganic salts, mainly lithium salts disso-
ciated by a polymer matrix containing heteroatoms.7–9
∗Author to whom correspondence should be addressed.
The main goal in developing SPEs is to produce elec-
trolytes with appropriate chemical, electrochemical, ther-
mal and mechanical properties for applications in sensors,
displays or advanced batteries and substitute the liquid
electrolytes.810
Aiming to develop a new family of environmentally
friendly multifunctional biohybrid materials displaying
simultaneously high ionic conductivity and high lumines-
cence we have produced in the present work, ﬂexible ﬁlms
based on DNA and agar, both with different amount of
Eu(CF3SO33 incorporated. Solid solutions of polymers
with lanthanide salts have been a topic of intense study due
to their wide range of electrochemical applications.1112
Eu3+ doped luminescent materials for optical chemical or
physical sensors ﬁnd applications in industrial process con-
trol, environmental monitoring, biomedical research and
medical diagnostics.36 More recently, new types of elec-
trolytes based on natural polymers, as cellulose derivatives,
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chitosan, gelatin or agar have been proposed due to
their biodegradability, low production cost, good phys-
ical and chemical properties and good performance as
SPEs.13–15 Natural macromolecules like DNA and agar,
have been proven to be useful for applications in a vari-
ety of areas such as batteries, photovoltaics, memory
devices, light emitting diodes, biomedical devices, biosen-
sors, etc., owing to their unique physical and electrochem-
ical properties.16–19
The electronic conﬁguration of trivalent lanthanide ions,
Ln3+ is the most prevalent oxidation state in which these
elements are present in nature; it also corresponds to
energy sublevel 4fN with N = 1–14. The shielding of the
4f electrons from interactions with their surroundings, as
ligand–ﬁeld interaction by the ﬁlled 5s2 and 5p6 orbitals
is responsible for the interesting chemical and photophys-
ical properties of the Ln3+ ions. The lanthanide ions have
unique intrinsic characteristics, in particular, long lifetimes
of the emitting states and narrow emission bands in the
visible region.
The materials studied here have been characterized
by means of X-ray diffraction (XRD), polarized opti-
cal microscopy (POM), atomic force microscopy (AFM),
electron paramagnetic resonance (EPR) and photolumines-
cence spectroscopy.
2. EXPERIMENTAL DETAILS
2.1. Polymer Electrolyte Preparation
0.5 g of salmon sperm-DNA (Ogata Research Labora-
tory, Japan) was dispersed in 20 ml of Milli-Q water
and heated under magnetic stirring for a few minutes at
up to 60 C for a complete dissolution. Next, to this
solution were added 0.005 to 0.05 g of europium triﬂate
(Eu(CF3SO33; Sigma-Aldrich, 98% of purity) and 0.5 g
of glycerol (Himedia, 99.5% of purity) as plasticizer.
Samples of AgarnEu(CF3SO33 were prepared by dis-
solving 0.5 g of agar (Sigma-Aldrich) in 30 ml of Milli-Q
water under heating up to 100 C and magnetic stirring for
a few minutes for complete dissolution. 0.5 g of glycerol
(Himedia, 99.5% of purity) acting as plasticizer and 0.25–
0.45 g of Eu(CF3SO33 (Sigma Aldrich, 98% of purity)
were then added to this solution under stirring.
The resulting solutions were poured on Petri dishes,
cooled at room temperature and then dried in a Büchi
oven at 60 C for 8 to 12 days, to form transparent
membranes.
2.2. Measurements
2.2.1. X-Ray Diffraction XRD
XRD measurements were performed on silicon wafer at
room temperature with a PANalytical X’Pert Pro equipped
with a X’Celerator detector using monochromated CuK
radiation with = 1541 Å over the 2 range between 10
and 60. A removable adhesive (Bostik) was used to ﬁx
the Agar matrix samples to the XRD sample support and
consequently the sharp peaks in diffractogram of Figure 1
are due to this adhesive.
2.2.2. Polarized Optical Microscopy POM
POM images were recorded in an OPTIKA B-600 Pol
microscope. The images were obtained through a digi-
tal camera 8Mpixel Digital Photo and were analysed with
Optika Vision Pro software.
2.2.3. Atomic Force Microscopy AFM
The AFM images were obtained with Nanosurf easyScan
2 AFM System (Nanosurf AG, Switzerland). In all AFM
analyses the non-contact mode was employed by using
silicon AFM probes with a force constant of 48 N m−1
and a resonance frequency of 190 kHz.
2.2.4. Electron Paramagnetic Resonance EPR
The X-band cw-EPR spectra were recorded at 6 K
on a Bruker Elexsys E580 spectrometer operating at
9.478 GHz, equipped with a continuous ﬂow liquid helium
Oxford cryogenic system.
2.2.5. Photoluminescence Spectroscopy
The photoluminescence spectra were recorded at room
temperature with a modular double grating excitation spec-
troﬂuorimeter with a TRIAX 320 emission monochroma-
tor (Fluorolog-3, Horiba Scientiﬁc) coupled to a R928
Hamamatsu photomultiplier, using a front face acquisi-
tion mode. The excitation source was a 450 W Xe arc
lamp. The emission spectra were corrected for detection
and optical spectral response of the spectroﬂuorimeter and
the excitation spectra were corrected for the spectral distri-
bution of the lamp intensity using a photodiode reference
detector. The emission decay curves were measured with
the setup described for the luminescence spectra using a
pulsed Xe–Hg lamp being 6 s pulse at half width and
20–30 s tail.
3. RESULTS AND DISCUSSION
3.1. Structure and Morphology
Figure 1 shows the typical XRD patterns obtained for
selected samples at room temperature. The diffractogram
of the Agar matrix revealed an ordered structure due to
the presence of a very accentuated peak at 19.0 and
a slight shoulder at 13.5, that coincide with the Bragg
peaks, reported for pristine Agar ﬁlms.1620 For the sam-
ple of Agar20Eu two broad peaks were also detected.
The ﬁrst one at 13 was very weak and the second one
at 19.6 was intense and broad indicating that the elec-
trolyte has a semicrystalline structure with a predomi-
nance of amorphous phase. For the DNA based system,
the diffractograms consisted of an intense and broad band
centred at 21.0, Gaussian in shape (Fig. 1) and simi-
lar to other ionic conducting membranes based on natural
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Figure 1. XRD patterns of selected DNA and agar-based samples.
macromolecules.21 At this point it should be emphasized
that the amorphous nature is common to DNA matrix,
DNAnEu SPEs and DNA ﬁbres, as well.
22 In the case
of the sample DNA125Eu, a small sharp peak centered at
approximately 29 was also observed. This peak was cer-
tainly related with the diffraction of salt-rich domains as
also observed in U(2000)nEu(CF3SO33 compounds.
23
The POM image of Figure 2 demonstrates that the
DNA100Eu sample is birefringent. The anisotropy of this
electrolyte suggests that in submicrometer order, crys-
talline phases are formed. However, this does not raise to
any melting peaks in the DSC curves (not shown here).
The morphological characteristics of DNA and Agar
doped with europium triﬂate samples were also examined
by AFM. Figure 3(a) displays typical AFM image of the
Figure 2. POM image of the DNA100Eu under crossed polarizers.
Figure 3. AFM images of Agar111Eu (a) and DNA10Eu (b).
Agar111Eu and Figure 3(b), DNA10Eu. Based on DNA10Eu
topographic analysis, the roughness mean square (RMS)
was 409.0 nm. When compared with the AFM image of
the Agar111Eu (Fig. 3(a)), it can be seen that the surface
of Agar-based sample was smoother revealing the RMS of
136.1 nm.
The electron paramagnetic resonance (EPR) spectra of
the DNA membranes doped with Eu3+, at three different
concentrations, are shown in Figure 4. Europium has two
stable oxidation states, Eu3+ and Eu2+. Trivalent europium
(electronic conﬁguration 4f6, singlet ground state 7F0) is
diamagnetic and does not give EPR signal. In its divalent
state it belongs to 4f7 electronic conﬁguration with 8S7/2
ground state, i.e., Eu2+ is a paramagnetic ion. In hosts in
which europium ions are stable in the divalent state, the
X-band EPR spectrum is generally observed. Europium
has two stable isotopes with non-zero nuclear spin, 151Eu,
with I = 5/2 (47.8% natural abundance) and 153Eu, with
I = 5/2 (52.2% natural abundance). Therefore, in crystals
the EPR spectrum is expected to show a hyperﬁne struc-
ture composed by two sets of six lines, resulting from the
dipole–dipole interaction between the magnetic moment of
the 151Eu and 153Eu nuclei and the electronic moment of
the paramagnetic Eu2+ ion.2425
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Figure 4. X-band EPR spectra of the DNAnEu
3+ membranes measured
at 6 K.
As shown in Figure 4 the EPR spectra of the DNA
membranes containing Eu2+ ions consist of resonance lines
with effective g-values of g ≈ 20 and g ≈ 48. Here,
g = h	/
H , where h is the Planck constant, 	 is the
microwave frequency, 
 is the Bohr magneton and H is
the value of the magnetic ﬁeld at the resonance line posi-
tion. The EPR spectra in Figure 4 are similar to those
reported previously for Eu-doped glasses and disordered
materials.26–28 These EPR spectra are composed of two
prominent features with g ≈ 20, g ≈ 28, and a strong fea-
ture at low magnetic ﬁeld with g ≈ 60, superimposed on
a broad resonance line-shape that encompasses the g ≈ 20
resonance signal.26–28 This type of spectrum for 4f7 rare
earth ions, such as Gd3+ and Eu2+, is labeled the U spec-
trum because of its ubiquity in vitreous and disordered
polycrystalline materials.2930
The EPR spectrum of these 4f7 rare earth ions is usu-
ally described by an spin Hamiltonian which incorporate
the Zeeman (HZ = g
H ·S) and the crystal ﬁeld inter-
actions (HCF). The absorption lines observed in the EPR
spectra depends on the relative magnitude of both terms,
i.e., between the microwave quantum (h	 ≈ 032 cm−1 for
X-band) and the crystal ﬁeld strength. Brodbeck et al.29
and Legein et al.31 have made a complete analysis of
the U spectrum by computer simulation assuming inter-
mediate magnitude category for the crystal ﬁeld strength
and incorporating a broad distribution for the crystal ﬁeld
parameters to account for the randomness of the structural
disorder. The site symmetries of the rare earth ions are
considered to be very low, from axial to rhombic, or still
lower site symmetries.272931
The general appearance of the EPR spectra of the DNA
membranes containing Eu2+ ions with the principal fea-
tures at g ≈ 20 and g ≈ 48 (Fig. 4) is characteristic of
the so-called U spectrum, where the rare earth ions are
uniformly distributed in a disordered matrix. Considering
the absence of line broadening in the principal features
of the spectra in Figure 4, the Eu2+ ions in these DNA
Figure 5. X-band EPR spectra of the DNAnEu
3+ membranes measured
at 6 K.
membranes can be considered as isolated in the sense of
absence of clustering. For samples with low doping con-
centration, the resonance at g ≈ 20 in the EPR spectra
is attributed to isolated ions.31 The most important differ-
ence between the EPR spectra of Eu2+ ions in the DNA
membranes and the typical U spectrum consists in the
appearance of an asymmetric absorption line at g ≈ 48
(Fig. 4). This line has been attributed to 4f7 rare earth
ions located at sites with relatively strong crystal ﬁelds
having an orthorhombic symmetry.2732–34 Finally, a strong
and narrow resonance line observed in the EPR spectra of
the DNA membrane samples at exactly g = 20 (Fig. 5)
is characterized by a linewidth H ≈ 7 G. Considering
that this narrow feature is not observed in the agar mem-
branes containing Eu2+ ions (Fig. 6), but is observed in
undoped DNA membranes, the signal can be associated
to the presence of paramagnetic radicals arising from the
DNA matrix.
Figure 6. X-band EPR spectra of the Agar111Eu membranes measured
at 6 K.
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Figure 7. Emission spectra for Agar111Eu and DNA10Eu, excited at 270, 300 and 361 nm (a); Magniﬁcation of the infra-4f
6 transitions for Agar111Eu
excited at 285 and 394 nm (b) and DNA10Eu excited at 317 and 394 nm (c) and excitation spectra for Agar111Eu and DNA10Eu monitored at 435 and
615 nm (d). The asterisk denotes an experimental artefact due to light scattering.
Figure 7(a) compares the emission spectra of Agar111Eu
and DNA10Eu. All the spectra show the typical intra-4f
6
emission ascribed to the 5D0 → 7F0–4 transitions over-
lapping a broad band in the blue/green spectral region
ascribed to the Agar polymer host and to the DNA,
respectively.3536 The energy and full-width-at-half maxi-
mum of the 5D0 → 7F0–4 transitions emission are almost
independent of the excitation wavelength suggesting that
the Eu3+ ions occupy a single local environment in each
host (Figs. 7(b) and (c)). The high relative intensity of
the 5D0 → 7F2 transition indicates that the Eu3+ symmetry
local group lacks from an inversion center in both Agar
and DNA hosts.
The excitation paths for the Eu3+ levels and for the
broad band were selectively monitored at 615 and 435
nm, respectively (Fig. 7(d)). The excitation spectra mon-
itored within the Eu3+ emission (615 nm) reveal a series
of straight lines ascribed to transitions between the 7F0
and the 5D42,
5G2–4 and
5L6 levels and a broad band
in the UV/blue spectral region between 240–420 nm and
300–420 nm for DNA10Eu and for Agar111Eu, respec-
tively. The broad band observed in the excitation spectra
of the Agar 111Eu sample is also detected in the excita-
tion spectrum monitored within the Agar-related emission
(435 nm), indicating an effective energy transfer between
the Agar-related states and the intra-4f6 levels. For the
DNA-based sample, the excitation spectrum monitored
within the DNA-derived band at 435 nm displays only
the high-wavelength component detected in the excitation
spectrum monitored at 615 nm. The high relative intensity
of the Agar-related broad band in Agar111Eu, points out
that the Eu3+ ions in the Agar host were mainly excited
via the broad band component rather than by direct intra-
4f6 excitation, whereas the opposite case occured for the
DNA-based sample.
The 5D0 emission decay curves were monitored within
the 5D0 →7F2 transition for the two selected samples under
direct intra-4f6 excitation (5L6, 395 nm), Figures 8(a) and
(b). Both curves are well described by a single exponen-
tial function, in good agreement with a single average
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Figure 8. Emission decay curves of Agar111Eu and (a) of DNA10Eu (b)
excited at 395 nm and monitored at 616 nm. The solid lines represent
the data best ﬁt reduced-2 = 11×10−5 (a) and reduced-2 = 19×10−4
(b). The insets show the respective residual plots.
local environment for the Eu3+ ions within each sample.
The 5D0 lifetime values were 0194± 0002 and 0528±
0009 ms for Agar 111Eu and DNA10Eu, respectively.
4. CONCLUSIONS
DNA- and Agar-europium triﬂate luminescent membranes
were prepared and characterized by X-ray diffraction,
atomic force and polarized optical microscopies, electron
paramagnetic resonance and photoluminescence spec-
troscopy. The X-ray diffraction analysis revealed pre-
dominantly amorphous nature of the samples and the
AFM images showed a roughness of the membranes of
409.0 and 136.1 nm for the samples of DNA10Eu and
Agar111Eu, respectively. The POM image demonstrated
that the sample of DNA10Eu exhibit birefringence due
to submicrometer anisotropy. The EPR spectra of the
DNAnEu membranes with the principal lines at g ≈ 20
and g ≈ 48 conﬁrmed uniform distribution of rare earth
ions in a disordered matrix. Moreover, these strong and
narrow resonance lines for the samples of DNAnEu when
compared to the AgarnEu suggested a presence of param-
agnetic radicals arising from the DNA matrix. The pho-
toluminescent emission features of Agar- and DNA-based
samples displayed two components in the blue/green spec-
tral region ascribed to the host states and a series of
straight lines in the red arising from the Eu3+ 5D0 →
7F0–4 transitions. The
5D0 emission decay curves were
well described by a single exponential function, suggest-
ing that all the Eu3+ ions occupied the same average local
environment with each sample. Finally, the encouraging
results observed in this exploratory study are the advan-
tage derived from the use of DNA- and Agar-Eu3+-based
membranes for application in sensors.
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